Improvements of high-field properties of in situ Nb3Sn superconductors were studied by additions of 2%Zr, 2%Hf and 2%Ta to Cu-20 mass%Nb melts. The eutectic structures around Nb dendrites were observed in all as-cast materials, and some difficulties arose from the structures in drawing the ingots with Zr and Hf into wires. The critical current densities were measured up to 15 T after various heat treatments.
Improvements of high-field properties of in situ Nb3Sn superconductors were studied by additions of 2%Zr, 2%Hf and 2%Ta to Cu-20 mass%Nb melts. The eutectic structures around Nb dendrites were observed in all as-cast materials, and some difficulties arose from the structures in drawing the ingots with Zr and Hf into wires. The critical current densities were measured up to 15 T after various heat treatments.
Additions of Zr and Hf affected a little Jc in the high magnetic field region and H*c2 of in situ Cu20%Nb Sn superconductors. On the contrary, additions of Ta improved appreciably the high-field performance of in situ Cu-20%Nb-Sn superconductors in spite of the fact that Ta was not soluble in the Nb on the in situ Cu-20%Nb-2Ta-Sn superconductors.
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The so-called bronze process has been commercially established to produce multifilamentary Nb3Sn superconductors for high-field magnets. In situ process is, however, thought to be an alternative process because of its simple and economical processing (1) . Compared with the conventional bronze processed Nb3Sn superconductors, in situ Nb3Sn superconductors seem to have some merits such as the high critical current densities, Jc, superior strain tolerance (2)(3), high strength(4)(5) and relatively low heat treatment temperature (1) . There are, however, some disadvantages in in situ Nb3Sn superconductors such as difficulty of making homogeneous ingots(1), higher ac losses (6)- (9) and the rapid degradation of Jc in high magnetic fields(1)(10). Therefore, improvements of critical current densities of in situ Nb3Sn superconductors in high magnetic fields are required for their high-field applications.
In the case of the bronze processed Nb3Sn superconductors, there are extensive studies on improvements of their high-field performance by alloying various kinds of additives to Nb cores and/or matrix(11)- (13) and superior results are obtained by additions of Ti(14)- (16) and Ta(17)- (19) . There are, however, a few studies on improvements of high-field properties of in situ Nb3Sn superconductors(10)(20)- (25) , in which additives are Ta(10)(20)(21), Ti (22) , Ga(21)(23)- (25) , Be(21), Al (21) and Zn (21) In the present study, for improving highfield current capacities of in situ Nb3Sn superconductors, Zr, Hf and Ta were selected in consideration of the results of bronze processed Nb3Sn superconductors and added to Cu-20% Nb melts by the nonconsumable electrode arcmelting. Although the critical current density of in situ Nb3Sn superconductors increases with an increase in the Nb concentration of Cu-Nb ingots (1)(26), Cu-20%Nb alloys were used for improving their high-field performance from viewpoints of mechanical properties and ac losses.
Starting materials were Cu of 99.99%, Nb of 99.5%, electron beam zone refined Zr, Hf of 95% and Ta of 99.9% in purity. First, Cu20%Nb-2% additive alloys about 150g in mass were arc-melted several times in a buttonshaped copper hearth under argon atmosphere using a nonconsumable tungsten electrode. Then, they were cut into small pieces and finally arc-melted again into 15mm square ingots 80mm in length. These square ingots were turned to rods 10-13mm in diameter and then drawn into wires 0.24mm in diameter. The chemical compositions and the reduction ratio of the cross-sectional area of materials are listed in Table 1 .
The wires were cut to 40mm in length and plated electrically with Sn of about 7%. Some wires were plated with various amounts of Sn for studying the influence of Sn concentration on Jc of materials. Sn-plated wires were then sealed into quartz tubes evacuated to less than treatment(26)- (28) . The first step was done at 673 K for 86ks for dissolving Sri into the Cu matrix, and the second was carried out at 823-923 K for 43 ks-1.38 Ms for formation of the Nb3Sn compound.
The critical current, Ic was measured using a four-prove method in liquid helium (4.2K) and in the external field, H, up to 15T which applied vertically to wires. Ic was determined about 10mm-length of wire specimens. Jc was calculated by dividing Ic by the cross-sectional area of wires. Therefore, it is the overall critical current density in the present study. Jc at 8.5 T on all samples heat treated at 873 Table  1 Chemical composition and reduction ratio in cross-sectional area of materials. heat treating at 873K for 346ks. without additives which showour previous study (27) .
In comparison among the variations of Jc for the heat treatment at 823 K in Figs. 1, 2 and 3, the diffusion of Sn into the Cu matrix and the formation of Nb3Sn seem to be faster in in situ Cu-20Nb-2Ta-2Sn superconductors than others. Therefore, Sn distributions on the cross-sectional area of wires with reaction were studied by EPMA. Figure  4 shows the diameter of regions without reaction of the in situ Cu-20Nb-Sn superconductors with 2Zr, 2Hf and 2Ta and without additives (marked "None" in the figure) after the heat treatments for 346 ks at 823 and 873 K. It is clearly observed that additions of Zr, Hf and Ta retard the diffusion of Sn in the Cu matrix of wires. All as-cast materials showed almost similar dendritic structures by a micrographic observation, and the size of Nb dendrites was about 10um for all materials independent of alloying 
Variation of Jc with Sn content
For studies of effects of the Sn concentration on Jc, wires were plated with various amounts of Sn and subjected to the heat treatments which gave the highest Jc at 8.5 T for each material, that is, 873 K-346 ks for the Zr addition, 873 K-0.69 Ms for the Hf addition and 873 K-173 ks for the Ta addition, followed by Jc measurements up to 8.5 T. As a typical result of the effect of the Sn concentration on Jc(H) curves, the change in Jc(H) with Sn content for in situ Cu-20Nb-2Zr-Sn superconductors is shown in Fig. 6 . The increase in Jc and the decrease in the slope of Jc(H) curves with increasing Sn concentration are seen in Fig. 6 . The latter implies that the critical field, H*c2 becomes higher if these Jc values are used for the Kramer's plot (11) . Figure 7 shows the variation of Jc at 8. that the enhancement of Sn diffusion with increasing Sn concentration is due to a steeper gradient of Sn profiles at the diffusion front. Since, with increasing Sn concentration, Jc at 8.5 T increases and the slope of Jc(H) curves in the high magnetic region becomes sluggish as shown in Fig. 6 , the improvement of the high-field properties is expected by the high Sn amount. In the case of the conventional bronze processed Nb3Sn superconductors, it was reported that superior Nb3Sn layers were produced by using the high Sn bronze matrix (11) . In the present study, it is considered that Nb3Sn filaments with high Hc2 are expected to form by deposition of the high Sn concentration.
From these results, the effect of additives on diffusion of Sn is not clear when large amounts of Sn were deposited, but it was observed that Sn diffused almost to the center of wires in the case of in situ Cu-20Nb-2Hf-Sn superconductors plated with 12.2% of Sn.
High-field properties
For studying higher field properties, Ic measurements from 8 T to 12 T were carried out on the wire samples which exhibited high Jc at 8.5 T by using a water-cooled Bitter type magnet. Figure 8 shows the variation of Jc on optimized in situ Cu-20Nb-Sn superconduc- at room temperature and the resultant work hardening.
On the other hand, the Cu-20Nb-2Ta ingot was easily drawn into wires. Figure   10 shows Figure 12 shows the Kramer's plot using Jc values in Fig. 11 for determining the upper critical field, Hc2. Hc values determined by the extrapolation of the Jc1/2H1/4 vs H curves are 15.4, 16.8, 15.9 and 17.5 T for the optimized in situ Cu-20Nb-Sn superconductors without additives and with 2Zr, 2Hf and 2Ta, respectively. Thus, additions of these metals are said to improve Hc*2, and the most effective one is Ta. Results of the bronze processed Nb3Sn wires with Ta by Suenaga et al. (11) (17) and in situ Nb3Sn superconductors with Ta(10)(20) (21) indicate that the enhancement of Hc2 is due to the substitution of Ta atoms for Nb sites in the Nb3Sn compound. Therefore, it might be thought that Ta reacted with Nb and Nb3Sn filaments during the heat treatment, as mentioned above, although Ta was not detected in the Nb dendrite after melting. Thus, it might be considered that the improvement of Jc of in situ Cu-20Nb-2Ta-Sn superconductors in high field regions is due to the enhancement of Hc2. Finally, Jc at 15 T of in situ Cu-20M-2Ta-Sn superconductors is as that of in situ Cu-20Nb-Sn superconductors without additives.
The improvements of high-field properties of in situ Nb3Sn superconductors were attempted by additions of 2%Zr, 2%Hf and 2%Ta to the Cu-20 mass%Nb melts. Fine eutectic-like structures were observed in the as-cast materials with these additives, causing some difficulties in drawing the ingots into wires especially in the case of additions of Zr and Hf which produced the intermetallic compounds. Additions of Zr and Hf improved Jc a little in the high field region and HC*2 slightly. On the other hand, addition of Ta improved markedly the high-field performance of in situ Cu-20Nb-Sn superconductors in spite of the fact that Ta was not located in the Nb den- 
